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The DNA polymerase (pol) catalytic subunit of herpes simplex virus type 1, encoded by UL30, and its accessory factor,
UL42 protein, are both essential for the replication of the virus. Because the stable interaction between UL42 and pol renders
the pol fully processive for replicative DNA synthesis, disruption of this interaction represents a potential goal in the
development of novel antiviral compounds. To better compare the effects of mutations in UL42 protein on its known in vitro
functions, mutations were expressed as glutathione-S-transferase (GST)-fusions and the fusion proteins used in affinity
chromatography. In this report, we demonstrate the relationship between the abilities of mutant UL42 fusion proteins to bind
pol and to stimulate pol activity in vitro, and the abilities of nonfusion mutant proteins to function in viral replication. The pol
stimulation assay using GST fusion proteins was found to be a more accurate and sensitive measure of the ability of the UL42
protein to function in vitro than the pol binding assay using the fusion proteins linked to a solid matrix. We also found an
excellent correlation between the ability of purified GST fusion proteins to stimulate pol activity in vitro and the ability of
full-length nonfusion UL42 mutant genes to support DNA replication in infected cells. Our results demonstrate that two
noncontiguous stretches of amino acids, from 137 to 142 and from 274 to 282, are essential for UL42 function in vivo and
in vitro. Although mutant d241–261 exhibited close to wild-type abilities to stimulate pol activity in vitro, it was not capable
of complementing the replication of a UL42 null mutant virus. The region of UL42 protein within or close to 241–261 may
serve to hinge the essential regions within the N- and C-terminal portions of the protein which are thought to interdigitate.
It is hypothesized that reduction in the length of the hinge region could alter the ability of UL42, and/or its complex with pol,
to function with one or more of the other proteins present in the DNA replisome within infected cells. © 2000 Academic PressINTRODUCTION
Herpes simplex virus type 1 (HSV-1) encodes at least
seven of the proteins which are directly involved in the
initiation and synthesis of viral DNA in infected cells
(reviewed in Challberg, 1991; Weller, 1991). The HSV-1
DNA-dependent DNA polymerase activity, responsible
for the addition of deoxyribonucleotides, is a heterodimer
composed of a 140-kDa catalytic subunit (pol), encoded
by UL30, and an accessory protein, encoded by UL42
(Parris et al., 1988; Gallo et al., 1989; Crute and Lehman,
1989; Gottlieb et al., 1990). Although pol possesses in-
trinsic activity in vitro in the absence of other viral pro-
teins (Dorsky and Crumpacker, 1988; Haffey et al., 1988;
Marcy et al., 1990), the UL42 protein stimulates the ac-
tivity of pol in the presence of high salt and increases its
processivity on artificial primer/templates (Gallo et al.,
1989; Hernandez and Lehman, 1990; Gottlieb et al., 1990).
The requirement of UL42 for processive DNA synthesis
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373in HSV-infected cells is suggested by the fact that the
UL30 and UL42 genes are both essential for virus repli-
cation (Purifoy et al., 1977; Jofre et al., 1977; Marchetti et
al., 1988; Johnson et al., 1991).
The mechanism by which UL42 protein increases
the processivity of pol is not known. However, the
apparent lack of a requirement for ATP for assembly of
UL42 protein and pol onto primed templates and the
1:1 stoichiometry of pol and UL42 within the proces-
sive holoenzyme suggest that the HSV-1 enzyme is
most similar to the T7 pol:thioredoxin holoenzyme (Ta-
bor et al., 1987; Huber et al., 1987; Gottlieb et al., 1990).
However, unlike the T7 pol processivity factor, thiore-
doxin, which does not bind to DNA alone, UL42 protein
has been shown to bind to double-stranded DNA
(Marsden et al., 1987; Gallo et al., 1988; Gottlieb and
Challberg, 1994). The latter property has led to the
hypothesis that UL42 protein may increase the pro-
cessivity of pol by tethering it to the DNA template
(Gottlieb et al., 1990). The hypothesis further predicts
that the ability of UL42 protein to bind to both DNA and
pol is required for a fully processive pol holoenzyme.
Nevertheless, the intrinsic ability of UL42 to bind to
DNA presents a potential paradox in this proposed
mechanism because such binding could be envi-
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374 THORNTON ET AL.sioned to prevent the pol from moving readily along
the template (Tsurumi et al., 1993; Chow and Coen,
995).
We and others have shown that the N-terminal two-
hirds of the UL42 protein is sufficient to provide pol
ccessory function in vitro (Digard et al., 1993; Tenney et
al., 1993; Monahan et al., 1993) and in virus-infected cells
(Digard et al., 1993; Gao et al., 1993; Reddig et al., 1994).
Furthermore, noncontiguous domains within this portion
of UL42 have been reported to be required for both DNA
binding and pol binding (Digard et al., 1993; Monahan et
al., 1993; Chow and Coen, 1995). Indeed, most mutations
which abrogate DNA binding activity also destroy the
ability to bind to pol. In two notable exceptions, Chow
and Coen (1995) reported that two insertion mutations in
UL42 destroy the abilities of the encoded proteins to bind
to DNA, without affecting their abilities to bind to the pol
catalytic subunit. These authors proposed a model for
processivity which requires interaction of UL42 with DNA
based on their results which demonstrated that these
mutant proteins failed to stimulate long-chain DNA syn-
thesis and to complement the replication of a UL42 null
mutant.
To further address the question of requirements for pol
accessory function, we have constructed a variety of
deletion, insertion, and point mutations within the two
distinct regions of UL42 we previously demonstrated to
be required for the activity of UL42 in stimulating in vitro
pol activity (Monahan et al., 1993). These mutations were
expressed as glutathione-S-transferase (GST) fusion pro-
teins and affinity chromatography was used to assess
the ability of the mutant GST fusion proteins to bind to pol
and to obtain relatively large amounts of substantially
purified protein. In this study, we demonstrate a strong
correlation between the ability of mutant UL42 fusion
proteins to bind to pol and their abilities to stimulate pol
activity in vitro and to function in viral replication. How-
ever, the ability of a mutant UL42 protein to stimulate pol
activity in vitro proved a more accurate and sensitive
means to predict the ability of a mutant gene to function
in the context of the infected cell.
RESULTS
A number of studies have investigated the functions of
UL42 mutant proteins. Although there is a consensus
that the C-terminal third of the protein is not required for
activity in vitro or in vivo, most deletions in the remainder
of the protein result in the simultaneous loss of the ability
of UL42 to bind to ds DNA and to pol, as well as the loss
of ability to increase pol activity and processivity (Digard
et al., 1993; Gao et al., 1993; Tenney et al., 1993; Monahan
et al., 1993). There is less agreement on the regions
within the N-terminal two-thirds of the protein which are
required for these activities. Previously, we demon-
strated that two distinct regions within this portion ofUL42 were absolutely essential for UL42 function (Mona-
han et al., 1993; Reddig et al., 1994). Region I (AA 129–
163) was extremely sensitive to mutation, as indicated by
the loss of function of proteins encoded by d137–142 and
altered function of those encoded by d140 and i140.
Moreover, computer-based secondary structure analysis
predicted this region to form a helix–coil–helix structure
(Monahan et al., 1993); thus, we created several base
substitution mutations within Region I in an attempt to
disrupt the putative domain. Due to the relatively large
size of Region II, defined by the deletion of AA 202–337,
and to further characterize the function of this region, we
also created nested, smaller deletion mutations within
this portion of the UL42 gene (Fig. 1). Inasmuch as
binding analysis in previous studies utilized small
amounts of protein synthesized by in vitro transcription/
translation, and coimmunoprecipitation analysis used
antibodies of differing avidities and specificities, it would
have been difficult to distinguish low-level binding from
negative or nonspecific binding. In an effort to obtain
larger amounts of mutant UL42 proteins for in vitro anal-
ysis of their activities, we chose to express the wild-type
and mutant versions of the gene as fusions with the gene
encoding glutathione-S-transferase. Affinity chromatog-
raphy of the GST–UL42 fusion proteins provided us with
a facile means to score for pol-binding activity using
FIG. 1. Structure and activities of UL42 mutant proteins. UL42 muta-
tions were constructed as detailed under Materials and Methods. Thick
solid lines indicate residues present within each mutant protein. De-
letions of one or two amino acids residues are noted with (), while
longer deletions are indicated by the dotted lines. Locations of inser-
tion mutations are noted with () and point mutations by (x). All
activities were measured relative to those of the appropriate wild-type
protein with the use of 1 or 11 to indicate relative intensity. Activities
not above background or negative control levels are indicated by (- -).
The pol binding and pol stimulation (stim.) activities were measured
using GST fusions of the indicated mutant proteins. All such proteins
were derived from a GST fusion with residues 20–456 of the wild-type
(WT) UL42 protein. The ability to support ori-dependent DNA replication
(ODR) and production of infectious progeny virus by complementation
(C9) of the HSV-1 null virus CgalD42 (D42) utilized plasmids derived
from pLBN19A which expressed the indicated UL42 genes from a viral
promoter. The GST protein is denoted by the open bar. ND, not deter-
mined.standard pull-down experiments and to obtain substan-
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375ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINStially purified preparations of fusion proteins for more
quantitative analysis of the activity in enzyme assays.
Binding of HSV-1 pol to GST fusion proteins
We previously demonstrated that a GST fusion protein
containing UL42 amino acid residues 20–456 was func-
tional, as demonstrated by its ability to stimulate, under
high-salt reaction conditions, the activity of HSV-1 pol
translated in vitro (Monahan et al., 1998). We expressed
a variety of UL42 mutations as GST fusion proteins in
Escherichia coli. Analysis of extracts by SDS–PAGE re-
vealed large differences in the amounts of some fusion
proteins detected by Coomassie blue staining, when
comparable amounts of protein present in extracts were
loaded. To attempt to account for differences in expres-
sion and/or accumulation, we determined the amount of
GST activity in each extract spectrophotometrically using
the transferase-mediated reaction between 1-chloro-2,4-
dinitrobenzene (CDNB) and reduced glutathione. Such a
method provides only an indirect means for quantifying
GST–UL42 fusion proteins in crude extracts and does not
differentiate full-length from C-terminally truncated prod-
ucts which retain a functional GST moiety. Nevertheless,
we found it superior to estimating the relative level of
fusion protein expression rather than total protein con-
tent, since the poorest expression was observed among
those with the lowest level of GST activity while the
strongest expression was observed for those with the
greatest level of GST activity by this assay (results not
shown). Thus, affinity matrices were prepared by adjust-
ing the amount of extract added according to GST activ-
ity, rather than absolute protein amount.
We previously demonstrated that the amount of an-
other HSV-1 protein, UL9, which bound to GST–UL42
affinity columns, varied as a function of concentration of
fusion protein used to charge the matrix (Monahan et al.,
1998). Therefore, we reasoned that optimum sensitivity
for detecting binding of pol to various GST–UL42 fusion
proteins would be obtained using affinity matrices to
which was bound saturating, or close to saturating,
amounts of fusion protein. In preliminary experiments,
we bound increasing concentrations of GST–UL42 to
glutathione agarose, eluted bound proteins with 5 mM
glutathione, and examined eluates by SDS–PAGE. Based
upon visual examination of Coomassie-blue-stained
gels, we determined that binding of GST–UL42 to the
gluathione agarose approached saturation at charging
concentrations of 9.8 mM (not shown). That maximum
sensitivity for detecting pol binding was obtained using
affinity matrices containing saturating amounts of fusion
protein was confirmed by testing matrices charged with
increasing concentrations of GST or GST–UL42 (wild-
type) for their abilities to bind small amounts of pol
prepared by in vitro transcription/translation (Fig. 2). Two
independent experiments are shown for which efficien-cies of the translation of pol differed slightly. Despite
differences in the amount of pol added to the individual
matrices, there was a clear dose-response in the amount
of pol bound compared to the concentration of GST–
UL42 protein when low (subsaturating) charging concen-
trations were used. However, binding of pol approached
or reached maximum levels when columns were
charged with saturating amounts (9.8 mM) of GST–UL42.
No binding of pol was detected for affinity matrices
charged with GST, regardless of charging concentration
(Fig. 2).
To determine the validity of the approach for screening
various mutant forms of UL42 expressed as fusions with
GST, we prepared glutathione agarose matrix charged
with 9.8 mM of GST or GST fusions with wild-type or
utated UL42. Nuclear extracts of insect cells, which
ere infected with AcNPV-pol and metabolically labeled
ith [35S]methionine, were incubated with the affinity
matrices, and columns were eluted with 5 mM glutathi-
one. Figure 3 demonstrates that little or no binding of
proteins in the extract was detected for matrix charged
with GST only. However, matrix charged with the same
concentration of GST–UL42 (WT) bound the HSV-1 pol in
the extracts (lanes 6–9). The specificity of binding of the
pol to the GST–UL42 (WT) matrix is further evident by the
fact that no other protein from this complex extract bound
to and specifically eluted from the GST–UL42 (WT) col-
umn (compare lanes 6–9 with lane 1). The large Region
II deletion mutant protein (GST–d202–337) failed to bind
FIG. 2. Binding of pol to GST–UL42 as a function of charging con-
centration. Glutathione agarose was charged with the indicated con-
centrations of GST (open symbols) or GST–UL42 (closed symbols) and
incubated with HSV-1 pol prepared by in vitro transcription/translation
of 100 ng of pT7-7.1 in the presence of [35S]methionine. The material
which bound and eluted in 5 mM glutathione was subjected to SDS–
PAGE and the radioactivity in the band corresponding to the pol in each
sample was quantified by phosphorimage analysis. The results of two
independent binding experiments (circles or squares) are shown.any pol, consistent with our previous results which
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376 THORNTON ET AL.showed a lack of coimmunoprecipitation of a d202–337
UL42-protein and pol with UL42-specific antibody (Mona-
han et al., 1993). However, we did observe that a small
amount of pol could bind to columns charged with the
Region I deletion mutant protein, GST–d129–163 (lane
11). Nevertheless, the amount of pol which could bind to
the GST–d129–163 matrix in this experiment was less
than 5% of that bound to the GST–UL42 (WT) matrix and
was, therefore, considered negligible. To exclude the
possibility that failure of the pol to bind to the mutant
UL42 affinity columns was due to poor binding of the
mutant forms of the fusion protein to the affinity matrix,
we stained parallel gels with Coomassie blue and found
that the amount of GST–d129–163 or GST–d202–337
which eluted from the respective columns was within a
twofold range of that eluting from the GST–UL42 (wild-
type) columns (results not shown). Taken together, these
results confirm both the utility and the sensitivity of GST
pull-down experiments for determining the ability of mu-
tant UL42 proteins to physically associate with pol.
We determined the ability of various mutant forms of
UL42, expressed as GST fusion proteins, to bind pol
using similar GST pull-down experiments, except that pol
was expressed by in vitro transcription/translation to
chieve high specific activity radiolabeling. Table 1
hows the results of triplicate assays in which affinity
atrices were prepared by binding 9.8 mM of the indi-
cated fusion proteins to glutathione agarose and the
binding of pol determined by SDS–PAGE of column elu-
ates. Bands corresponding to full-length pol were quan-
tified by phosphorimage analysis and binding was ex-
pressed as the percentage of the input material applied
FIG. 3. Binding of pol to GST affinity matrices. GST and GST fusion pro
nd Methods, and incubated with nuclear extracts of insect cells which
ol and metabolically labeled with [35S]methionine from 12 to 36 h p.i. U
ith four sequential one-column volumes of 5 mM glutathione (numb
DS–PAGE, fixed, soaked with EN3HANCE, and exposed to X-ray film
epresents 1/20 of the input applied to each matrix. The migration posto the respective columns which were eluted with gluta- tthione. The negative control for the binding of Region II
mutants (experiment 1) was GST. However, the negative
control selected for the binding of Region I mutants
(experiment 2) was GST–d137–142, due to the low level
of nonspecific binding we consistently observed for the
Region I mutants (see for example, Fig. 3). The results
were evaluated by analysis of variance to determine
whether the experimental results differed significantly
from those of the negative (P # 0.001) or wild-type (P ,
0.05) controls. Binding of pol to test matrices which did
not vary significantly from that bound to matrices
charged with GST–UL42 wild-type protein was scored as
11, while pol binding which did not vary significantly
from that bound to GST matrices was scored as negative.
The results (Table 1 and Fig. 1) demonstrate that only two
of the mutant UL42–GST fusion proteins, i206 and d241–
261, could associate with pol as well as the GST–UL42
wild-type protein. Binding was scored as 1 if it was
significantly different (greater) than that to the negative
control, but also different (less) than that to the wild-type
matrix. Thus, an intermediate level of pol binding was
observed for some of the test matrices (R134D, T142A,
and N339). Control experiments (not shown), based on
visual inspection of Coomassie-stained gels, indicated
that the amounts of the UL42 mutant fusion proteins
which eluted from columns charged with 9.8 mM protein
calculated by the CDNB assay) could vary slightly from
xperiment to experiment, but were generally within a
wofold range of the amount of GST–UL42 fusion protein
ound. Since significant pol binding could be demon-
trated when 10 times less wild-type fusion protein was
sed to charge columns (Fig. 2), the results demonstrate
.8 mM) were bound to glutathine agarose, as indicated under Materials
en infected with a baculovirus recombinant which expresses the HSV-1
protein was washed from the matrix and bound protein was removed
–4 above lanes for each matrix). Eluted fractions were analyzed by
°C. An autoradiograph of the gel is shown. The left-most lane (lane 1)
of molecular weight markers are shown to the left.teins (9
had be
nbound
ered 1
at 280hat the mutant proteins that scored negative for pol
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377ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINSbinding (d137–142, d140, i140, d202–337, d256–282,
d274–288, and d282–283) by our GST pull-down assay
(Table 1) are at least substantially compromised (com-
pared to the wild-type protein) for their abilities to phys-
ically associate with pol.
Ability of GST–UL42 proteins to stimulate pol activity
As a more quantitative measure of function, the ability
of UL42 mutant proteins to provide pol accessory func-
tion was determined using partially purified GST fusion
proteins. Pol accessory function was determined by the
ability to stimulate the activity of pol in high-salt buffer
containing 125 mM KCl using activated calf thymus DNA
as a template. We have used this assay extensively to
demonstrate that UL42 provides pol accessory function
by stimulating basal pol activity from 4- to 10-fold under
these reactions conditions (Gallo et al., 1989; Monahan
et al., 1993, 1998). Because pol and UL42 form a stable
heterodimer which is more active in high salt than pol
alone (Gallo et al., 1989; Hernandez and Lehman, 1990;
TABLE 1
Ability of pol to Bind to Affinity Columns of GST Fusion Proteinsa
Mutant
pol bound (%) 6 SDb
Binding of polcExperiment 1 Experiment 2
ST 1.3 6 1.1 n.d.d 22
GST–UL42 (WT) 31.2 6 1.7 62.0 6 6.9 11
GST–N339 12.8 6 4.5 20.7 6 3.8 1
GST–d241–261 11.0 6 2.7 47.5 6 5.5 11
GST–d256–282 2.5 6 0.7 n.d. 22
GST–d274–288 1.2 6 0.5 n.d. 22
GST–d282–283 3.8 6 1.1 n.d. 22
GST–d137–142 n.d. 9.9 6 2.8 22
GST–d140 n.d. 14.9 6 2.1 22
GST–i140 n.d. 10.0 6 1.8 22
GST–T142A n.d. 37.7 6 2.2 1
GST–R134D n.d. 43.6 6 15 1
GST–i206 11.6 6 5.8 55.2 6 11 11
a Glutathione agarose columns were charged with 9.8 mM GST or
GST fusion protein.
b [35S]Methionine HSV-1 pol was prepared by coupled in vitro transcrip-
ion/translation and bound to columns in triplicate for 3 h at 4°C. Results
epresent the mean of the percentage of applied pol 6 standard deviation
(SD) which was recovered following elution with 5 mM glutathione.
c Determined by analysis of variance with Dunnett’s post hoc com-
parisons with a control. Binding was scored as 11 if the value differed
significantly from the negative control (P # 0.001) but not from the
ositive control (P , 0.05), 1 if it differed from both, and 22 if it did not
iffer from the negative control. The positive control for both experi-
ents was the amount of pol which bound the GST–UL42 (WT) col-
mns. The negative control for experiment 1 was the amount of pol
hich bound to the GST column. In experiment 2, the negative control
as the amount of pol which bound to the Region I deletion mutant
rotein, GST–d137–142. The GST–d241–261 and GST–i206 scored 1 for
ol binding in experiment 1 and 11 in experiment 2.
d Not determined.ottlieb et al., 1990; Tenney et al., 1993), maximum ac- aivity under these conditions is presumably achieved when
ll of the available functional pol is complexed with UL42.
We prepared substantially purified proteins (.85%) by
assage of bacterial extracts containing the GST or GST
usion proteins over glutathione agarose, followed by
lution with 5 mM glutathione, an example of which is
hown in Fig. 4A. The activity of pol, prepared by in vitro
ranscription/translation, was determined by the incorpo-
ation of [3H]TMP into trichloroacetic-acid-insoluble ra-
ioactivity in the absence and in the presence of increas-
ng amounts of affinity purified GST or GST–UL42 fusion
roteins. Results for all of the mutants are summarized in
ig. 1, but those of several with activity are shown in Fig.
B. The results demonstrate that GST alone has little or
o effect on the activity of pol. Affinity purified GST fusion
roteins which failed to stimulate the basal pol activity at
east 2-fold at even the highest amount tested (600 nmol)
ere scored as negative for pol stimulation activity (sum-
arized in Fig. 1). Thus, no pol accessory activity was
bserved for the large Region I deletion mutants (d129–
63 and d137–142) or for most of the Region II deletion
utants (d202–337, d256–282, d274–288, and d282–283
Fig. 1), in agreement with previous results from several
aboratories (Monahan et al., 1993; Digard et al., 1993).
owever, the GST–UL42 (WT) protein stimulated the
asal pol activity with approximately a linear dose-re-
ponse when 200 nmol or less of fusion protein was
dded. Failure to further increase pol activity with addi-
ional fusion protein most likely indicates that all of the
unctional pol was bound when 200 nmol of GST–UL42
as added. A similar dose-response was observed with
he Region II mutant, GST–d241–261, which, like the GS-
–UL42 wild-type protein, stimulated pol activity 8- to
0-fold at saturation (Fig. 4B). This level of stimulation is
imilar to that reported with authentic UL42 prepared by
n vitro translation (Gallo et al., 1989; Monahan et al.,
993) or purified from insect cells infected with UL42-
xpressing baculovirus recombinants (results not
hown). Similar dose–response curves were obtained for
he GST–N339, GST–R134D, and GST–d270 proteins (re-
ults not shown), and they were, therefore, scored as
1 for their ability to stimulate pol activity (Fig. 1). The
emainder of the GST–UL42 mutants tested (d140, i140,
142A, and i206) stimulated the basal pol activity at least
-fold at the highest amount tested, but below 50% of the
evel observed for GST–UL42 (WT), and were scored as
, to indicate a significant, but reduced, ability to stim-
late pol activity (Fig. 1).
The dose–response curves for two of the mutants with
his intermediate ability to provide pol accessory function
re shown in Fig. 4B. The T142A fusion protein stimu-
ated the pol, but only fourfold at the highest amount
ested. The dose–response curve in Fig. 4B indicates
hat stimulation of pol activity by the T142A protein
eached maximum levels when 400 nmol of protein was
dded. Although we cannot rule out the possibility that
Q
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378 THORNTON ET AL.the larger amount of T142A protein required to maximally
stimulate pol activity may indicate an altered stoichiom-
FIG. 4. Stimulation of pol activity by wild-type and mutant UL42 proteins.
over glutathione agarose eluted with sequential one-column volumes of 5
contain the bulk of the GST fusion protein, were subjected to SDS–PAG
Coomassie blue. B. GST and GST fusion proteins, prepared as describe
reaction mixtures 5 min prior to initiation of reactions with pol (100 units
measured by its ability to incorporate [3H]dTMP into trichloroacetic-acid-in
GST or fusion protein, using activated calf-thymus DNA as a template as
amount of enzyme required for the incorporation of 1 fmol of dTMP into DN
were expressed by recombinant baculoviruses and purified to homogen
silver-stained denaturing 10–20% polyacrylamide gel through which prote
1 contains 10 mg input nuclear extract and lanes 2 and 3 contain 0.6 m
–Sepharose column. D. Pol activity (5 mM) in the absence of UL42 or in t
easured as described for B except that poly dA/oligo dT template was
resence of wild-type or mutant UL42 protein to that found in the absencetry with pol compared to wild-type UL42, we think itmore likely that these results reflect a lower affinity of
GST–T142A, compared to GST–UL42 (WT), for pol. This
UL42 (wild-type) protein was prepared from bacterial extracts by passage
lutathione. Eluates from the second to fourth fractions (lanes 1–3), which
g a 10–20% gradient polyacrylamide gel and the gel was stained with
were dialyzed against B-2 buffer containing 50 mM NaCl and added to
as prepared by coupled in vitro transcription/translation and its activity
material in the absence and in the presence of the indicated amounts of
bed under Materials and Methods. A unit of activity was defined as the
ur at 37°C. C. Pol and full-length wild-type UL42, i206, and T142A proteins
FPLC as described under Materials and Methods. The figure shows a
a wild-type UL42 preparation were separated by electrophoresis. Lane
e two fractions containing the peak of pol stimulating activity from the
ence of 20 (3.9 nM) or 80 ng (15.7 nM) of wild-type or mutant protein was
ol stimulation activity is recorded as the ratio of pol activity found in the
42.A. GST–
mM g
E usin
d in A,
). Pol w
soluble
descri
A per ho
eity by
ins from
g of th
he pres
used. Presult would also be consistent with the somewhat re-
379ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINSduced level of pol binding to affinity matrices charged
with GST–T142A protein compared to that charged with
the wild-type fusion protein (Table 1). Nevertheless, we
cannot rule out the possibility that the reduced level of
stimulation of pol activity achieved by the GST–T142A
protein at apparently saturating amounts could have
been due to mechanistic differences in binding to pol or
DNA.
The GST–i206 protein was consistently capable of
stimulating pol activity above basal levels, although at
little more than twofold for all protein amounts tested. By
contrast to GST–T142A, the poor ability of GST–i206 to
stimulate pol activity is most likely not completely attrib-
utable to the altered ability of the protein to bind to pol for
two reasons. First, GST–i206 binds pol at close to the
levels observed with wild-type GST–UL42 (Table 1), and
second, we observed little or no dose-response over the
amounts of protein tested (Fig. 4B). However, it is possi-
ble that the manner in which the pol binds to the GST–
i206 is distinct from that of the wild-type GST–UL42.
As indicated above, the GST fusion proteins all lacked
UL42 AA 1–19 and 457–488. To eliminate the possibility
that the reduced ability of the GST–T142A or GST–i206
proteins to stimulate pol activity reflected a conforma-
tional alteration as a result of the fusion with GST and/or
the use of slightly truncated versions of the UL42 pro-
teins, we expressed wild-type and mutant full-length,
nonfusion UL42 proteins (i.e., containing AA1–19 and
457–488) using recombinant baculoviruses. These UL42
proteins, as well as pol, were purified from nuclear ex-
tracts of Sf-9 cells infected with the respective recombi-
nant baculoviruses by conventional column chromatog-
raphy as described under Materials and Methods. Pro-
tein preparations were considered .99% pure as judged
by the absence of other polypeptide species following
silver staining of gels of preparations separated by SDS–
PAGE, an example of which is shown in Fig. 4C. To
confirm their activities, the baculovirus-expressed UL42
proteins were tested in two different amounts for their
abilities to stimulate the activity of pol in high-salt buffer
as described above, except that an oligo dT/poly dA
template was used. Using this template, wild-type UL42
stimulates pol activity 40- to 50-fold (Tenney et al., 1993;
Fig. 4D), thus allowing a determination of relative en-
hancement of activity over a larger range, compared with
the use of activated calf-thymus DNA as template. In our
hands, a substoichiometric amount of purified wild-type
UL42, corresponding to a final concentration of 3.9 nM,
stimulated pol activity (5 nM) 13-fold over the basal level,
while an excess of wild-type UL42 (15.7 nM) increased
the pol activity to nearly 40 times the basal level, using
the homopolymeric template (Fig. 4D). By contrast, T142A
and i206 stimulated pol activity in high salt, but only 2.8-
and 4.9-fold over the basal level, respectively, even at the
highest amount tested. We confirmed that this low level
of stimulation reflected pol accessory function by theability of these mutant proteins to increase the length of
product, compared to that produced by pol alone, in the
presence of cold DNA competitor (Chaudhuri and Parris,
unpublished results). Although we observed similar
lengths of product made by complexes of pol with T142A
or i206, their average length was substantially shorter
than that synthesized by complexes of pol with wild-type
UL42. Taken together, these results confirm that the
mutations per se in T142A and i206 are responsible for
the reduced ability of the mutant proteins to provide pol
accessory function.
Binding of WT and mutant UL42 proteins to DNA
It was possible that the poor ability of the T142A and
i206 proteins to stimulate pol activity might reflect a
reduced ability to bind to DNA. To quantify DNA binding
ability, we selected as our target DNA molecule, a syn-
thetic defined primer/template (P/T), shown to be suit-
able for kinetic analysis of pol activity in single-turnover
experiments (Chaudhuri and Parris, unpublished results).
The P/T consisted of a biotinylated 45-mer primer strand
annealed to a 67-mer template strand, which produced a
double-stranded portion 45 base pairs in length with a
22-nucleotide 59 single-stranded overhang. The lengths
of the double-stranded and single-stranded portions of
the P/T were selected to correspond to the size of the
respective regions footprinted by a single pol/UL42 het-
erodimer (Gottlieb and Challberg, 1994). The assay we
employed measured binding of each purified UL42 pro-
tein to the P/T by detection of changes in surface plas-
mon resonance using the Biacore Biosensor 2000. This
technology (Karlsson et al., 1991; Haruki et al., 1997)
permits assessment of both the binding and the disso-
ciation phases, as well a quantitative means for measur-
ing binding affinities of the purified wild-type UL42,
T142A, or i206 proteins for the immobilized P/T.
The P/T (120 response units; RU) was stably attached
to the surface of a streptavidin gold chip via the biotin tag
attached to the 59 end of the primer strand. To ensure
that the chip containing the immobilized P/T did not bind
protein nonspecifically, various concentrations of a con-
trol, non-DNA-binding protein (bovine serum albumin;
BSA) were passed over the chip surface. Even when 600
nM BSA was applied to the DNA-containing chip in
low-salt buffer for 8 min, we noted very little binding of
BSA (188 RU) above that bound to a control surface
without DNA (Chaudhuri and Parris, unpublished re-
sults). By contrast, chips containing 120 RU of immobi-
lized P/T bound more than 1500 RU of UL42 (Fig. 5A) or
1400 RU of pol (not shown) when 600 nM of the respec-
tive proteins was passed over the chip surface, thus
validating the approach for detecting interactions of
DNA-binding proteins with this P/T.
To measure association kinetics, different concentra-
tions of UL42 protein were passed over DNA-bound
FIG. 5. Sensorgrams of purified UL42 proteins binding to synthetic P/T. Binding of proteins was measured with the BiaCore 2000. A surface of the
streptavidin gold chip was left unbound and an additional surface was bound with 120 RU of biotinylated P/T as described under Materials and
Methods. Increasing concentrations of the indicated purified proteins were passed over both surfaces and binding measured by changes in surface
plasmon resonance recorded in arbitrary response units (RU). The sensorgrams shown represent binding to the DNA-bound surface, less any
nonspecific binding to the control surface. The arrows indicate the beginning of the association and dissociation phases. A. Binding of wild-type UL42.
Lines of increasing width indicate binding of 25, 50, 150, 300, and 600 nM concentrations of protein. B and C. Binding of T142A and i206, respectively.
Lines of increasing width indicate binding of 50, 150, 300, 600, and 800 nM concentrations of mutant protein.
381ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINSsurfaces and control surfaces without DNA, and binding
was recorded in response units. Dissociation kinetics
were determined following the association phase by
passage of the same buffer, without the UL42 protein,
over the surfaces. The sensorgrams displayed in Figs.
5A–5C were produced by subtracting the response ob-
tained by binding of the wild-type UL42, T142A, and i206
proteins, respectively, to a control surface without DNA,
from the response obtained by binding to the DNA-
containing surface. In initial experiments, we observed a
reduced ability of the mutant UL42 proteins to bind to the
P/T and, therefore, tested an even higher concentration
(800 nM) of each mutant protein than the maximum
concentration used for wild-type UL42 protein (600 nM).
The apparent kinetic constants for each protein were
calculated using BiaEvaluation 2.1 software as detailed
under Materials and Methods and are shown in Table 2
for two independent experiments. The results demon-
strate that the i206 and T142A mutant proteins were both
capable of binding to the synthetic P/T, although with
approximately a threefold reduced affinity compared to
the wild-type UL42 protein. Dissection of the association
and dissociation phases reveals that most of the re-
duced affinity of the mutant proteins for DNA is attribut-
able to a reduced ability to associate with P/T, since
there was little difference in the stability of protein:DNA
complexes once formed. These results suggest that re-
duced inherent affinity for DNA cannot fully account for
the reduced ability of these mutant proteins to stimulate
T
Apparent Kinetic Constants for Binding o
Protein
Conc.
(nM)
Experiment 1
kon
(M21 s21)
koff
b
(s21)
Kd
c
(nM)
kon
(M21 s
WT UL42 600 8.54 3 104 2.12 3 1023 9.5 3
300 8.13 3 104 2.12 3 1023 8.26 3
150 9.20 3 104 2.12 3 1023 7.17 3
Average 8.62 3 104 2.12 3 1023 24.6 8.31 3
i206 800 2.22 3 104 1.97 3 1023 3.08 3
600 1.94 3 104 1.97 3 1021 3.11 3
300 1.92 3 104 1.97 3 1023 2.39 3
Average 2.02 3 104 1.97 3 1023 97.5 2.86 3
T142A 800 2.52 3 104 1.74 3 1023 3.57 3
600 2.45 3 104 1.74 3 1023 3.11 3
300 1.20 3 104 1.74 3 1023 2.85 3
Average 2.06 3 104 1.74 3 1023 84.5 3.18 3
a Values were determined using the simple binding model A 1 B 5
b The apparent rate constant for dissociation was calculated from th
for each experiment represents that calculated following binding of
association rate constant for each concentration of protein tested usin
c Calculated as koff/kon.pol activity.Ability of mutant UL42 proteins to support
ori-dependent DNA replication
All of the assays described above were used to define
the function of UL42 in vitro in the absence of other viral
proteins. However, UL42 is one of seven HSV-1 proteins
required for ori-dependent DNA replication (ODR; Wu et
al., 1988; Stow, 1992), and it is likely that most or all of
these proteins function in viral DNA replication as a
complex. Thus, it is possible that deficiencies in DNA or
pol binding observed in vitro might be compensated by
interactions of UL42 and/or pol with other DNA replica-
tion proteins. Alternatively, mutations which alter these in
vitro functions might produce an even more profound
effect in complex activities such as ODR. We determined
the abilities of UL42 mutant proteins to amplify ori-con-
taining plasmids when the other DNA replication pro-
teins were supplied by the UL42 null mutant, CgalD42.
Plasmids containing the wild-type or indicated mutant
UL42 genes downstream of the endogenous UL42 pro-
moter were transfected into BHK cells together with
plasmid T085, which contains a functional HSV-1 oris
sequence, and cells were subsequently infected with
CgalD42 (5 PFU/cell). Plasmids were scored for their
abilities to support ODR based upon the presence of
DpnI-resistant vector sequences in cells harvested at
18 h postinfection (p.i.). An example of the results from
one such assay is shown in Fig. 6. No DpnI-resistant
ori-plasmid DNA (large arrow) was detected in cells
tranfected with empty vector followed by infection with
Proteins to Synthetic Primer/Templatea
eriment 2 Average
koff
b
(s21)
Kd
c
(nM)
kon
(M21 s21)
koff
(s21)
Kd (nM)
[Relative affinity]
2.18 3 1023
2.18 3 1023
2.18 3 1023
2.18 3 1023 26.2 8.47 3 104 2.15 3 1023 25.4 [1.00]
2.49 3 1023
2.49 3 1023
2.49 3 1023
2.49 3 1023 87.1 2.44 3 104 2.23 3 1023 91.4 [0.28]
1.84 3 1023
1.84 3 1023
1.84 3 1023
1.84 3 1023 57.9 2.62 3 104 1.84 3 1023 70.2 [0.36]
d calculated using the BiaEvaluation 2.1 software.
20 s of the dissociation phase to minimize rebinding. The value used
hest concentration of protein tested and was used to calculate the
onlinear method.ABLE 2
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382 THORNTON ET AL.CgalD42-infected cells which were transfected with the
wild-type UL42 plasmid, pLBN19A. Substantial amplifica-
tion of plasmid sequences in this experiment was ob-
served for i140, T142A, R134D, and d270.
Because of some variation in the efficiencies of ODR
from experiment to experiment, we averaged the amount
of amplification obtained with the mutant UL42 gene
compared to that obtained with the wild-type gene in
three independent experiments (Table 3). Moreover, to
account for possible variations in transfection efficien-
cies among samples in a given experiment, results were
considered valid only if blots revealed low-molecular-
weight DpnI-sensitive bands (Fig. 6, small arrows), cor-
esponding to input T085 DNA, for test samples in an
mount which was at least 50% of that present in cells
ransfected with the wild-type UL42 plasmid. The results
emonstrate that i140, R134D, T142A, d270, and d282–
83 support ODR to a level at least 50% of that supported
y the wild-type UL42 gene. However, substantially re-
uced levels of ODR were consistently observed for the
140, i206, and d241–261 plasmids. No ODR was de-
ected for plasmids encoding d137–142, d202–337, d256–
82, or d274–288 (Table 3, Figs. 1 and 6).
omplementation of CgalD42 viral replication
Although the ability of mutant proteins to support ODR
is one measure of the ability of these proteins to function
in the context of the other essential viral DNA replication
FIG. 6. Ori-dependent DNA replication supported by various UL42
mutant proteins. BHK cells, nonpermissive for the replication of the UL42
null virus, CgalD42, were transfected with the ori-containing plasmid,
T085 (0.4 mg), together with a plasmid (2 mg) encoding the indicated UL42
rotein (lanes 2–14) or empty vector alone (lane 1). Cells were infected
9 h later with CgalD42 (m.o.i. of 5 PFU/cell) and harvested at 18 h p.i. Total
NA was prepared, subjected to digestion with EcoRI and DpnI, and 5 mg
f each sample was subjected to electrophoresis through a 1% agarose
el. The gel was blotted onto Nytran and probed with a [32P]-labeled DNA
fragment from pT085. The large arrow indicates the position of the DpnI-
resistant band indicative of plasmid amplification, while the smaller arrows
indicate the positions of DpnI-sensitive plasmid bands to control for plas-
mid input and DNA loading.proteins, the true measure of their function in infectedcells is best determined by their abilities to support
productive viral replication. In the absence of HSV mu-
tants with these lesions, we tested the plasmids contain-
ing the mutated UL42 genes for their respective abilities
to complement the replication of the UL42 null mutant,
CgalD42, in nonpermissive BHK cells. Test plasmids
were introduced into cells by liposomal-mediated trans-
fection and the cells were subsequently infected with
CgalD42 (2.5 PFU/cell). The yield of progeny virus
present in the combined intracellular and extracellular
TABLE 3
Ability of UL42 Mutant Proteins to Support ori-Dependent
DNA Replication in Transient Assays
Mutanta
Amplification of ori plasmid
(% of WT)b Mean
amplification
6 SDc
Ability to
support
ODRdExpt. 1 Expt. 2 Expt. 3
Vector 0.0 0.0 0.0 0.0 22
WT UL42 100 100 100 100 11
d129–163 0.0 0.0 0.0 0.0 6 0.0 22
d137–142 0.0 0.0 0.0 0.0 6 0.0 22
d140 9.9 1.6 12.0 7.8 6 5.5 1
i140 100 i 100* 100 11
R134D 100 82 30 71 6 36 11
T142A 67 64 i 66 11
d202–337 0.0 0.0 2.0 0.7 6 1.2 22
i206 49 44 23 39 6 14 1
d241–261 17 22 5.0 15 6 8.7 1
d256–282 0.0 0.0 0.0 0.0 6 0.0 22
d270 88 76 74 79 6 7.6 11
d274–288 0.0 0.0 i 0.0 22
d282–283 47 99 100* 82 6 30 11
a The UL42 WT or mutant gene together with endogenous promoter
as cloned into the vector pTZ19U.
b The ori-containing plasmid, pT085 (0.4 mg), was transfected with
he indicated test plasmid (1 mg) into BHK cells. The cells were
subsequently infected with CgalD42 and total cellular DNA isolated as
described under Materials and Methods. Southern blots of DNA, di-
gested with DpnI and EcoRI and separated by electrophoresis, were
robed with ori sequences and the bands quantified by phosphorimage
nalysis. Amplification was measured by the ratio of radioactivity in the
and corresponding to the full-length, DpnI-resistant T085 plasmid to
he total radioactivity in that lane. Ratios were normalized to that
btained with the WT UL42 plasmid (scored as 100%). Values obtained
hich were greater than that obtained with the WT plasmids are
enoted with an asterisk (*). Experiments were scored as indetermi-
ate (i) if no amplification was observed, but for which the level of
pnI-sensitive DNA in the sample was less than half of that in the
ild-type lane.
c Means were calculated using all valid data and are presented with
standard deviation (SD). Values for which no standard deviation is
indicated represent the average of the remaining two experiments.
d Plasmids were scored as 11 for their ability to support origin-
dependent DNA replication (ODR) if amplification was greater than 50%
of the level obtained with the wild-type UL42 plasmid. A score of 1 was
assigned if significant amplification was observed, but at a level below
50% of that obtained with the wild-type plasmid, and a score of 2 was
assigned for plasmids yielding no significant amplification of the ori-
containing plasmid.
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383ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINSfractions following a single cycle of replication (18 h) was
determined by plaque assay in V9 cells which provide
UL42 function in trans (Johnson et al., 1991). Plasmids
encoding the Region I point mutations R134D and T142A
supported viral replication at 66 and 86%, respectively,
when compared to that supported by the wild-type UL42-
containing plasmid, pLBN19A (Table 4), although we do
not consider these levels to be significantly different from
those displayed by the wild-type plasmids. We also ob-
served wild-type levels of complementation by the d270
plasmid. These experiments also confirm our previous
report of significantly low, but detectable, levels of
complementation by the i140 and i206 plasmids (Table 4;
Reddig et al., 1994) and indicate yet another UL42 muta-
tion (d282–283) which produces a significantly lower
TABLE 4
Complementation of CgalD42 Replication in BHK Cells
Plasmida Complementation indexb 6 SDc (n)d Localizatione
pLBN19A (WT) 100 6 31.2 (14) Nuclear
d129–163 0.2 6 0.2 (6) Nuclear
d137–142 0.4 6 0.1 (6) Nuclear
d140 145 6 25.9 (6) Nuclear
i140 11.2 6 7.7 (12) Nuclear
R134D 66.0 6 12.3 (4) Nuclear
T142A 86.0 6 27.6 (4) Nuclear
d202–337 0.1 6 0.1 (12) Nuclear
i206 13.0 6 3.9 (11) Nuclear
d241–261 ,0.001 (4) Nuclear
d256–282 ,0.001 (4) Nuclear
d270 102 6 12.0 (2) Nuclear
d274–288 0.2 6 0.1 (6) Nuclear
d282–283 23.0 6 5.0 (5) Nuclear
pTZ19U 0.1 6 0.1 (14) —
one ,0.001 (6) —
a BHK cells were transfected with 2 mg of the indicated plasmid and
nfected with CgalD42 (2.5 PFU/cell) 29 h later. Cells were harvested
8 h p.i. Combined results from seven independent experiments, em-
loying two to four replicate cultures for each test plasmid, are shown.
b Virus yields were determined by plaque assay in permissive V9
cells. Virus yields for transfections with the wild-type UL42 plasmid,
pLBN19A ranged from 8.5 3 104 to 2.1 3 106 PFU/ml, while the yields
ith the vector alone ranged from 1.1 3 100 to 2.0 3 103 PFU/ml. The
complementation index (CI) was calculated as
CI 5
1
S yield with test plasmidexpt. 1
ave. yield with WTexpt. 1
1
S yield with test plasmidexpt. 2 · · ·
ave. yield with WTexpt. 2
2
nexpt. 1 1 nexpt. 2 1 · · ·
3 100.
c Standard deviation.
d Combined number of replicate cultures independently transfected
and assayed.
e Determined by indirect immunofluorescence with UL42 specific
antibody 834.level of complementation (23%) than the wild-type gene.The complete failure of d241–261 to complement rep-
lication of CgalD42 (Table 4) and its poor ability to sup-
port ODR (Fig. 6, Table 3) were unexpected in view of the
ability of the GST–d241–261 to bind to pol (Table 1) and
double-stranded DNA (results not shown) and to stimu-
late the activity of pol in vitro at levels similar to those
observed for wild-type UL42 (Fig. 4B). To rule out the
possibility that a second-site mutation in the UL42 gene
was obtained during the cloning of the mutation into the
constructs used for complementation analysis, we de-
rived an independent mutant construct by transferring
the region containing the deletion mutation from the
GST–d241–261 into the UL42 open reading frame in the
pLBN19A plasmid. This plamid also failed to complement
the replication of CgalD42 (not shown).
It was possible that negative or low-level complemen-
tation of the replication of the UL42 null mutant by some
of the plasmid constructs was due to a lack of or ineffi-
cient availability of the mutant protein in nuclei. There-
fore, we determined the localization of mutant proteins
by indirect immunofluorescence using the UL42 antipep-
tide antibody 834. As previously described (Goodrich et
al., 1989), the wild-type UL42 expressed by pLBN19A
localized exclusively to nuclei of Vero cells transfected
with the plasmid, even in the absence of viral infection
(Table 4). In fact, we found that each of the plasmids
expressed a UL42 protein which localized exclusively to
nuclei, indicating the presence of a functional nuclear
localization or retention signal. Thus, negative or low-
level complementation was not attributable to poor avail-
ability in cellular nuclei.
DISCUSSION
Previous UL42 domain mapping studies have sug-
gested that discrete, independent domains for DNA bind-
ing and for pol binding within the essential N-terminal
315 amino acids of the protein do not exist (Digard et al.,
1993; Monahan et al., 1993; Chow and Coen, 1995; Ten-
ney et al., 1993). We sought to identify mutations which
could differentially affect one or more known properties
of the protein and to determine the best in vitro assay to
predict the ability of the various mutant proteins to func-
tion in vivo by further dissecting regions of the UL42
known to be important for its ability to function as a pol
accessory protein. The studies reported herein are the
first to examine the effects of single amino acid substi-
tutions of Region I, defined by the deletion of AA 129–163,
as well as the effects of smaller deletions within Region
II, previously defined by the deletion of AA 202–337. Both
regions have been reported to be essential for pol and
DNA binding and for the ability to function in virus rep-
lication (Monahan et al., 1993; Reddig et al., 1994; Digard
et al., 1993).
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384 THORNTON ET AL.Domains required for in vitro activities of UL42
The use of GST pull-down experiments with affinity
matrices charged to saturation or near saturation with
fusion proteins proved highly reliable in assessing the
ability of the various mutant UL42 proteins to bind to pol,
and such experiments were a significant improvement
over coimmunoprecipitation analysis. Nonspecific inter-
actions of the large Region I deletion mutant, d129–163,
with other proteins such as b-galactosidase prevented
s from using coimmunoprecipitation analysis to assess
he ability of proteins with smaller alterations in this
egion to bind to pol (Thornton and Parris, unpublished
esults). Although we also observed low-level nonspe-
ific interactions of GST–d129–163 and GST–d137–142
usion proteins with pol in pull-down experiments (Fig. 3
nd Table 1), binding in excess of this background level
as determined with a high level of confidence (P ,
.001) for the Region I point mutant proteins, R134D and
142A.
Wild-type levels of pol binding activity were observed
or the Region II mutant protein, GST–d241–261 (Table 1).
he d241–261 mutation is significant in that it contains
he largest deletion within the large N-terminal domain
eported to date to retain DNA binding (Monahan and
arris, unpublished results), pol binding, and pol stimu-
ation activities (Fig. 1). Digard and co-workers (1993)
escribed a protein with a smaller deletion in this region,
242–250, and which also retained all three activities.
Despite the reproducibility and increased sensitivity of
ST pull-down experiments to determine the ability of
ol to physically interact with UL42, compared to coim-
unoprecipitation analysis, we observed no significant
inding of pol to GST–d140 or GST–i140 compared to that
bserved with the Region I deletion mutant protein, GST–
137–142. Nevertheless, affinity purified d140 and i140
ST fusion proteins were able to stimulate pol activity in
igh salt, albeit at a level substantially below that of the
ST–UL42 (WT) (Fig. 1). In previous experiments using
uthentic, nonfusion UL42 proteins expressed by in vitro
ranslation, we reported that d140 stimulated pol activity
t a reduced level compared to that achieved with the
ild-type protein (Reddig et al., 1994), in excellent agree-
ent with the results we obtained with GST–d140. How-
ver, the in vitro translated i140 failed to stimulate pol
ctivity (Reddig et al., 1994). We think it likely that GST–
140 and GST–i140, and their nonfusion counterparts,
an bind to pol, but with substantially reduced affinity
ompared to GST–UL42 (WT). This would account for our
ailure to observe pol stimulation activity with small
mounts of i140 protein, such as are produced by in vitro
ranslation, but our success in demonstrating significant,
ut reduced, pol stimulation using large amounts of af-
inity purified GST–i140 protein (Fig. 1).
It is also possible that d140 and/or i140 cannot bind tool with high affinity in the absence of DNA and that the tbility to stimulate pol activity reflects, at least in part, the
bility of these mutant UL42 proteins to bind to DNA. We
id not directly measure the ability of either mutant
rotein to bind DNA. However, Chow and Coen (1995)
ave suggested that the inherent ability to bind to DNA
ay be a necessary attribute of a UL42 protein to provide
ol accessory function, based on the impaired pol ac-
essory function displayed by two mutant UL42 proteins
hich failed to bind DNA but retained pol binding activity.
lthough retention of DNA binding capability may be
ecessary in order for HSV-1 UL42 protein to stimulate
ol activity, quantitative DNA binding results reported
erein for purified i206 and T142A mutant proteins dem-
nstrated a poor correlation between the effect of the
utations on the affinity of the encoded proteins for DNA
nd their effects on relative abilities of the proteins to
timulate pol activity under high-salt conditions com-
ared to the wild-type protein (Table 2 and Fig. 4). In-
eed, despite the fact that GST–i206 bound pol as well
s did the wild-type GST–UL42 (Table 1) and displayed
nly a 4-fold reduced affinity for model P/T (Table 2), we
bserved approximately a 10-fold reduction, compared to
hat produced by the wild-type UL42 protein, in the level
f pol stimulation by even excess UL42:pol ratios (Fig.
D). That the ability of the pol accessory protein to bind
o DNA is not sufficient for its ability to stimulate pol
longation activity is supported by a structure–function
nalysis of the Epstein–Barr virus (EBV) pol accessory
rotein, BMRF1 (Kiehl and Dorsky, 1995). These authors
ound that the EBV accessory protein deleted of amino
cids 194–217 or 206–236 retained DNA binding activity
ut lost the ability to stimulate pol activity.
Regardless of whether binding to DNA facilitates the
bility of UL42 to interact with pol, our results indicate
hat the pol stimulation assay with partially purified fu-
ion proteins may be more sensitive for determining the
bility of UL42 mutant proteins to provide pol accessory
ctivity in vitro than stimulation assays using in vitro
ranslation products or pol binding assays with GST
usion proteins linked to affinity matrices. The fact that
artially purified GST–R134D and GST–N339 stimulated
ol activity at a level at or above 50% of that achieved by
he wild-type UL42 protein (Fig. 4B), while displaying
ignificantly reduced pol binding activity in pull-down
xperiments (Table 1), provides additional support for the
reater sensitivity of the pol stimulation assay. In only
ne case (GST–i206) did a mutant fusion UL42 protein
core significantly better in the pol binding compared to
he pol stimulation assay (Fig. 1, Table 1). Although we
bserved wild-type levels of pol stimulation activity for in
itro translation products of i206 in a previous study
Reddig et al., 1994), the latter results did not take into
ccount quantitative differences in the level of expres-
ion of proteins by in vitro translation. It is possible that
ignificantly more translated i206, compared to the wild-ype protein, was present in the previously published pol
pt
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385ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINSstimulation assays. By contrast, the pol stimulation as-
says reported herein controlled for protein amount, uti-
lized a range of protein concentrations, and used protein
which was substantially purified. In independent assays
with highly purified, nonfusion i206 protein, we also ob-
served significantly reduced ability, compared to purified
wild-type UL42, to stimulate pol activity using a more
sensitive homopolymeric DNA substrate (Fig. 4D). In-
deed, the reduced ability of i206 to stimulate pol activity
in vitro compared to the wild-type UL42 protein, found in
the studies within this report, is consistent with its com-
promised ability to function in two in vivo assays de-
scribed in this report (see below) and in one of the in vivo
assays described in the previous report (Reddig et al.,
1994).
Domains required for in vivo activities of UL42 mutant
roteins
We measured activity of UL42 proteins in vivo by de-
ermining their abilities to support ODR (Fig. 6 and Table
) or production of infectious progeny virus (Table 4) in
omplementations assays with the UL42 null mutant
irus, CgalD42. We found that all mutant UL42 proteins
hich were unable to complement ODR by CgalD42 also
ailed to complement its productive replication (Fig. 1).
ikewise, all those capable of complementing productive
eplication also complemented ODR. Even mutant UL42
enes which complemented the production of infectious
rogeny virus by the null mutant virus at a very low level
i140 and i206; Reddig et al., 1994, and Table 4, this
eport) supported ODR at a reduced level compared to
he wild-type gene (Fig. 1 and Table 3). Lack of correla-
ion of these two in vivo complementation activities was
ound for only one mutant gene, d241–261. This mutant
ailed to increase the production of infectious progeny
irus more than the vector or plasmid-less controls (Ta-
le 4 and results not shown), but complemented ODR,
lthough at a low level (Table 3). Thus, we think it likely
hat these results represent quantitative rather than qual-
tative differences for assays with different levels of sen-
itivity. Although we think it less likely, the failure of
241–261 to complement the productive replication of
galD42 may be indicative of one or more essential
unctions of UL42 in addition to those required for ODR.
orrelation of in vitro and in vivo activities of UL42
rotein
We observed a nearly perfect correlation between the
bility of a mutant UL42 protein to stimulate pol activity
nd its ability to function in ODR and virus replication. All
ut one of the mutant UL42 proteins which lacked in vitro
ctivity also lacked the ability to provide UL42 function in
nfected cells. The Region II deletion mutant, d282–283,
ailed to significantly bind pol or stimulate pol activity, but
ould complement ODR and the production of virus prog-ny by the UL42 null mutant, CgalD42. Nevertheless,
omplemention of virus production by d282–283 was
ignificantly less than for the wild-type gene (Fig. 1).
ithin the context of the infected cell, pol can bind to
L8, a member of the helicase/primase complex (Mars-
en et al., 1997), as well as to the major single-stranded
NA-binding protein (Chiou et al., 1985; Ruyechan and
eir, 1984; Vaughan et al., 1984), and UL42 can bind to
he ori-binding protein, UL9 (Monahan et al., 1998). Thus
t is possible that one or more of these protein contacts
ay stabilize interactions between d282–283 and pol
nd/or between the mutant protein and DNA. That high-
evel expression of a mutant UL42 gene, in the context of
irus replication, can overcome the effect of low-affinity
nteractions in vitro is further suggested by the fact that
e have been able to isolate i140 mutant virus which can
roductively replicate in Vero cells (Grinstead and Parris,
anuscript in preparation), despite the mutant protein’s
oor ability to stimulate pol activity in vitro and its poor
bility to complement CgalD42.
Discrepancies between the nearly wild-type in vitro
ctivities of d241–261 and its negligible in vivo activities
resent an apparent paradox with the above interpreta-
ion. Control experiments demonstrated that these dis-
repancies are unlikely to be due to second-site muta-
ions or improper cellular localization of the protein (Ta-
le 4). Thus, it is possible that the in vivo defect of
d241–261 relates to another function of the UL42 or to its
ability to perform this function in the context of the other
proteins required for viral DNA replication. It is interest-
ing to note that controlled proteolysis of UL42 protein
within and close to the region encompassing 241–261
yielded two stable peptides in the presence, but not in
the absence, of DNA (Hamatake et al., 1993). The pro-
teolytic fragments remained associated following chro-
matography and both were required for pol stimulation.
Thus the region encompassing 241–261 may serve as a
hinge between the N-terminal and C-terminal halves of
the protein, whose interdigitation is required for confor-
mational and functional integrity of UL42. Reduction in
the length of the hinge region might lock the UL42 into a
conformation inconsistent with its ability to interact with
other proteins and/or to efficiently synthesize full-length
viral DNA in the infected cell.
The importance of two noncontiguous regions for
UL42 function was suggested by previous studies
(Monahan et al., 1993; Digard et al., 1993). These regions
were further confirmed and delineated by the results
presented in this report. Within the N-terminal half, res-
idues from 137–142 (Region I) were essential for all
measured activities. Even minor perturbations within this
region, such as the deletion of a single residue or sub-
stitution of a single amino acid, resulted in the alteration
of one or more of the activities we measured. Within the
C-terminal region we previously designated Region II,
we found that the deletion of AA 256–282 or 274–288
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386 THORNTON ET AL.destroyed all in vitro and in vivo activities, while deletion
of residues 282 and 283 destroyed in vitro, but not in vivo,
function. Thus, residues 274–282 further define a C-ter-
minal domain which is essential for both in vitro and in
vivo function.
Structure–function analysis of the EBV pol accessory
protein also revealed two noncontiguous essential do-
mains for pol stimulation activity (Kiehl and Dorsky, 1995).
Similar to HSV-1 UL42, the two domains within the EBV
pol accessory protein are separated by a short stretch of
amino acids (215–233), the deletion of which results in a
protein which retains at least some ability to stimulate its
cognate pol’s activity. This region of the EBV pol acces-
sory protein may be analogous to 241–261 of HSV-1
UL42, although extensive homology is lacking.
Despite the exceptions noted above, we believe that
the pol stimulation assay we have employed is sensitive
and efficient enough to be used to predict the ability of a
mutant UL42 protein to support viral DNA replication.
Likewise, it should be possible to adapt the assay in
order to screen for possible antiviral compounds capable
of disrupting the ability of wild-type GST–UL42 to function
in pol stimulation. The ability to demonstrate pol stimu-
lation activity of different mutant UL42 proteins, qualita-
tively and quantitatively, using GST fusion proteins ex-
pressed in bacteria and affinity purified would make it
possible to economically screen large numbers of com-
pounds for their abilities to disrupt pol accessory func-
tion.
MATERIALS AND METHODS
Cells and viruses
Baby hamster kidney (BHK) cells and African green
monkey kidney (Vero) cells were cultivated as previously
described (Gallo et al., 1988). V9 cells are stable trans-
fectants of Vero cells capable of complementing mutants
defective in UL42 function and were grown as indicated
previously (Johnson et al., 1991). Sf-9 insect cells ob-
tained from Fred Hink (Ohio State University) were used
to propagate recombinant baculovirus (Autographica
californica nuclear polyhedrosis virus, AcNPV), which
expresses the HSV-1 pol gene (gift of Robert Lehman,
Stanford University). The Sf-9 cells and recombinant Ac-
NPV were cultivated as previously described (Monahan
et al., 1993). The UL42 genes used in this study were
derived from the KOS wild-type parental strain of HSV-1.
The parental wild-type strain for the UL42 deletion mu-
tant, CgalD42, was Cgal1, a modified version of HSV-1
train 17 syn1 which expresses b-galactosidase (John-
on et al., 1991). All stocks of HSV-1 were prepared by
low-multiplicity passage (Parris et al., 1978).
Plasmids and cloning
Plasmids were maintained in E. coli host strains
H5a, JM101, or JM109. Large-scale preparation of plas-id DNA was performed using Qiagen columns (Qiagen,
tudio City, CA) according to the instructions of the
anufacturer. All restriction enzymes which were used
ere purchased from Bethesda Research Laboratories
Gaithersburg, MD) except for BseRI, which was pur-
hased from New England Biolabs (Beverly, MA).
Plasmid pT085 (gift of Nigel Stow, Glasgow, Scotland)
ontained a functional HSV-1 origin (ori) of replication
nd was used in ori-dependent DNA replication assays.
he HSV-1 pol (pT7-7.1; Dorsky and Crumpacker, 1988)
nd UL42 (pLBN19A; Gallo et al., 1989) genes were
loned in phagemid vectors downstream of the T7 RNA
olymerase promoter. The pol gene in pT7-7.1 lacks se-
uences encoding the first 67 amino acids to facilitate
xpression by in vitro translation, but the protein other-
ise has properties that are indistinguishable from those
f the full-length gene product (Dorsky and Crumpacker,
988; Gallo et al., 1989; Monahan et al., 1993). The GST
nd GST fusion proteins were expressed from the
GEX-2T vector (Pharmacia Biotech, Piscataway, NJ)
ithout or with the UL42 gene insert, respectively.
onstruction of UL42 gene mutations
Figure 1 summarizes the UL42 gene mutations ana-
yzed in the present study. The mutations d140, i140, i206,
129–163, d202–337, and N339 (Monahan et al., 1993)
nd d137–142 and d274–288 (Reddig et al., 1994) have
een described elsewhere. Other deletion mutations
ithin Region II were created by digestion of a plasmid
ontaining the 398-bp UL42 SstI fragment with PstI
d282–283), SalI (d270, d256–282), or NotI (d241–261),
followed by digestion with exonuclease III for 5 or 10 min.
The 59 single-stranded overhangs were removed by di-
gestion with mung bean nuclease and the plasmid was
religated. The resulting SstI fragment, deleted of resi-
dues encoding the indicated amino acids, was cloned
into a pLBN19A derivative lacking the SstI fragment. The
point mutations in Region I, T142A and R134D, were
constructed using an overlap extension PCR method (Ho
et al., 1989). Briefly, two pairs of primers were used to
direct the synthesis of two DNA fragments with comple-
mentary ends possessing the desired mutation, followed
by annealing of the two fragments and further PCR am-
plification with the outside primers prior to cloning (Table
5). The resulting mutations were confirmed by dideoxy
sequencing.
The parental plasmid (pGST-42), from which all GST–
UL42 constructs were derived, contained UL42 amino
acid residues 20–456. The plasmid was created by clon-
ing the 1308-bp MluI fragment, located within the UL42
open reading frame, into the BamH1 site of pGEX-2T via
a 10-mer BamH1 linker (Table 5) to produce an in-frame
fusion with the GST-encoding sequences. UL42 muta-
tions (Fig. 1) were transferred by swapping a restriction
fragment from the plasmid containing the mutation for
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387ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINSthe analogous fragment from the pGST-42 plasmid using
standard cloning techniques. GST and GST fusion pro-
teins were expressed and quantified as previously de-
scribed (Monahan et al., 1998).
Pol binding assay
Affinity matrices containing various amounts of GST,
GST–wild-type UL42 [GST–UL42 (WT)], or GST–mutant
UL42 proteins were obtained by charging glutathione
agarose beads (Sigma, St. Louis, MO) with clarified bac-
terial extracts containing various concentrations or GST
proteins ranging from 0.98 to 9.8 mM as described pre-
viously (Monahan et al., 1998). The HSV-1 pol was ex-
pressed by recombinant AcNPV in Sf-9 cells labeled
metabolically with [35S]L-methionine as previously de-
cribed (Monahan et al., 1993), or by coupled in vitro
ranscription/translation in rabbit reticulocyte lysates in
he presences of [35S]L-methionine, as indicated in the
igure legends. For the former, high-salt nuclear extracts
ere prepared as previously described (Monahan et al.,
993) and applied to charged columns. For the latter,
T7-7.1 DNA was transcribed and translated using a kit
ccording the manufacturer’s specifications (Promega
iotech, Madison, WI). Translation products from approx-
mately 100 ng of input DNA were diluted and applied to
ach column containing 125 ml of charged affinity matrix.
ound proteins were eluted with sequential one-column
olumes of 5 mM glutathione. Eluates were analyzed by
DS–PAGE and the radioactivity in the pol bands was
uantified using a PhosphorImager (Molecular Dynam-
cs, Sunnyvale, CA) and analyzed using ImageQuant soft-
are as described previously (Monahan et al., 1998).
urification of proteins
Partially purified GST proteins were obtained by affin-
T
Oligonucleotides used for Mu
Mutation/use Oligonucleotide
R134D 1 ccagcccgcgttgggatgac
2 ccccgtttGAcacgctggtt
3 ctgaaccagcgtgTCaaacg
4 ccgggatggtgcgagagttg
T142A 1 ccagcccgcgttgggatgac
5 ggacgtcgtcgCccatatgc
6 cgcatatggGcgacgacgtc
4 ccgggatggtgcgagagttg
GST fusion with UL42 7 cgggatcccg
gccctagggc
DNA primer/template 8 gccactacgacaccttgatcgcctc
9 atttgctgacctttgttctggatgagtt
a Sequences are shown in the 59 and 39 direction for single-stranded
9 orientation. Uppercase letters indicate nucleotides which differ fromty chromatography on glutathione agarose as describedbove. Following elution with 5 mM glutathione, the pro-
eins were dialyzed against B-2 buffer (Gallo et al., 1988)
nd stored in aliquots at 280°C. GST and GST fusion
roteins were .85% pure as determined by Coomassie
lue staining of SDS–polyacrylamide gels. Purified full-
ength UL42 proteins were obtained by conventional
hromatography of nuclear extracts of Sf-9 cells infected
ith UL42 recombinant baculoviruses over DEAE–
ephaphose, Blue–Sepharose, and Q–Sepharose, es-
entially as described previously (Gallo et al., 1988;
onahan et al., 1993). Purity was assessed by SDS–
AGE, followed by silver staining.
iosensor assays
The abilities of purified wild-type and select mutant
L42 proteins to bind to a model DNA primer/template
ere determined by changes in surface plasmon reso-
ance as measured with the Biacore 2000 (Phamacia
iosensor AB). Specific details of the binding of pol,
L42, and pol/UL42 complexes to this P/T are discussed
lsewhere (Chaudhuri and Parris, manuscript in prepa-
ation). The sequences of the primer (45-mer) and tem-
late (67-mer) strands are shown in Table 5 and were
el-purified by the manufacturer (Integrated DNA Tech-
ologies, Inc.). The primer strand, labeled at the 59 end
ith biotin by the manufacturer, was mixed with an
quimolar amount of the template strand, heated to
0°C, cooled to room temperature to anneal, and stored
t 220°C.
Biosensor streptavidin gold chips were used to bind
20 response units of annealed P/T. Increasing concen-
rations of UL42 proteins were injected over DNA-bound
nd control (no DNA) surfaces of the chip at a flow rate
f 5 ml/min for 5–8 min as indicated in the figures.
Proteins were in buffer containing 50 mM Tris–Cl, pH 7.5,
sis and DNA Binding Studies
uencea Description
Upper outside primer
Upper mutagenic primer
Lower mutagenic primer
Lower outside primer
Upper outside primer
Upper mutagenic primer
Lower mutagenic primer
Lower outside primer
Double-stranded BamHI linker
gtccaaccaactca Primer strand
cggctgcgaggcgatcaaggtgtcgtagtggc Template strand
ces. For the double-stranded sequence, the top strand is in the 59 and
ild-type UL42 sequence.ABLE 5
tagene
Seq
gcagcc
ggttgga
sequen50 mM KCl, 2% glycerol, and 5 mM 2-mercaptoethanol.
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388 THORNTON ET AL.Binding of protein to the chip surface results in a change
in surface plasmon resonance, recorded as an increase
in RU. Following the association phase, dissociation of
the protein, shown as a decrease in RU, was determined
by passage of the same buffer, without protein, over the
surfaces of the chip. Any residual bound protein was
removed by passage of the same buffer adjusted to a KCl
concentration of 1 M. This regeneration procedure had
no effect on the amount of P/T bound to the chip surface.
Apparent kinetic constants were calculated using the
BiaEvaluation 2.1 software (Pharmacia Biosensor AB)
and used the simple binding model A 1 B 5 AB. A single
apparent rate constant for dissociation (koff) was used for
each protein to calculate the apparent rate constants for
association (kon) at each individual concentration tested.
he koff used in the calculations was the rate obtained
uring the first 20 s of dissociation for the highest con-
entration tested in order to minimize any effects of
ebinding which can occur when few P/T sites are oc-
upied.
NA polymerase assays
The activity of HSV-1 pol, prepared by coupled in vitro
ranscription/translation of 100 ng of pT7-7.1, was deter-
ined in high-salt buffer (100 ml final volume) containing
100 mM Tris–HCl (pH 8.0), 125 mM KCl, 4 mM MgCl2, 5
mM dithiothreitol, 5 mg bovine serum albumin, 0.2 mM
each of dATP, dCTP, and dGTP, 50 mCi [3H]TTP (43–82
i/mmol, ICN), and either 5 mg maximally activated calf-
thymus DNA or 1 mg poly dA/oligo dT18 (1:1) as template,
ssentially as described previously (Monahan et al.,
993). A unit of activity was defined as the amount of
nzyme required for the incorporation of 1 fmol of dTMP
nto DNA per hour at 37°C. Activity in the presence of
arious amounts of GST fusion or full-length UL42 pro-
eins was determined by mixing the pol with the UL42
roteins for 5 min at 37°C prior to initiation of reactions
ith the pol/UL42 mixture. The ability of UL42 protein to
timulate pol activity was determined by comparison of
ol activity in the presence and absence of UL42 and
as considered significant if the pol activity in the pres-
nce of UL42 was at least twice that of pol in the
bsence of UL42.
ri-dependent DNA replication assays
Subconfluent monolayers of BHK cells in 35-mm cul-
ure dishes were transfected with 0.4 mg of ori-contain-
ing plasmid pT085 (Stow and McMonagle, 1983) together
with 1 mg of empty vector or test plasmid containing a
ild-type or mutated UL42 gene using 5 mg lipofectase
(GIBCO-BRL, Gaithersburg, MD). After 4 h at 37°C, the
medium was changed and the cells were infected 12 h
later with CgalD42 (5 PFU/cell). Cells were harvested at
24 h p.i. and total cellular DNA was extracted using theEasy-DNA kit (Invitrogen, San Diego, CA) according to
the manufacturer’s instructions.
One-fourth of the DNA was cleaved with EcoRI (to
linearize the plasmids) and DpnI (to degrade input meth-
ylated plasmid DNA) and the products were separated
by electrophoresis through 1% agarose gels. The DNA
was denatured and transferred to Nytran (Schleicher and
Schuell, Keene, NH) membranes and probed with the
516-bp EcoRI–HindIII fragment from pT085. The DNA
probe was labeled to a specific activity of approximately
1.2 3 108 cpm/mg using an oligolabeling kit (Pharmacia
Biotech). Blots were hybridized as described previously
(Sambrook et al., 1989) overnight at 65°C in hybridization
buffer containing 63 SSC (SSC is 150 mM NaCl, 15 mM
Na citrate, pH 7.0). Blots were then washed several times
in 13 SSC for 15 min at room temperature and at a final
stringency of 0.53 SSC containing 0.1% SDS at 65°C for
15 min. Autoradiographs were prepared by exposure of
the blots to Kodak X-OMAT film. The amount of plasmid
amplification was quantified with the aid of a Molecular
Dynamics PhosphorImager (Sunnyvale, CA) and Image-
Quant software.
Complementation analysis
The ability of mutated UL42 genes to complement the
replication of the UL42 null mutant, CgalD42, was deter-
mined as described previously (Reddig et al., 1994). Rep-
licate cultures of BHK cells were transfected with 2 mg of
test plasmid followed by infection with CgalD42 (2.5
PFU/cell). After a 1-h period, unadsorbed virus was re-
moved with a 2-min acid–glycine wash (Reddig et al.,
1994). At 18 h p.i., combined intracellular and extracellu-
lar virus was prepared by sonic disruption of cells. The
yield of progeny in each sample was determined by
plaque assay in V9 cells, permissive for CgalD42 repli-
cation, and in Vero cells, which are nonpermissive for
replication of the virus. For these experiments, the
complementation index (CI) for a particular plasmid re-
fers to the percentage of the yield of progeny virus
produced by the plasmid containing wild-type UL42 and
was calculated as described in Table 4. Two to seven
independent experiments were performed for each test
plasmid with the exception of d270. Complementation
was scored as 11 if the CI was .25, 1 if the CI was
between 1 and 25, and 2 if it was ,1. The percentage of
recombinants in the samples was determined by the
ratio of PFU scored on Vero cells compared to that
scored on V9 cells. Because the relative production of
recombinants never exceeded 0.24% of the progeny in
any experiment, no correction for recombination was
needed.
Indirect immunofluorescence
The localization of the mutant UL42 proteins was de-
termined 24 h following transfection of Vero cells with 2
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389ACTIVITIES OF HSV-1 UL42 MUTANT PROTEINSmg of the appropriate plasmid by the CaPO4 technique
essentially as described previously (Goodrich et al.,
1989). Briefly, UL42 was detected in acetone-permeabi-
lized cells using the UL42-specific anti-peptide antibody
834 (Monahan et al., 1993) as the primary antibody and
fluorescein-isothiocyanate-conjugated goat anti-rabbit
IgG as the secondary antibody. Immunofluorescence
was viewed using the Zeiss Photomicroscope III
equipped with a 25X Neofluar objective.
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